ABSTRACT. Indices of global systolic performance of the newborn left ventricle exceed those of the adult, despite isolated tissue studies showing immature contractile mechanisms. To evaluate contractility in situ, we investigated the end-systolic pressure-volume relationship (ESPVR) by the conductance technique in nine newborn lambs. After percutaneous placement of catheters, we generated ESPVR by inferior vena cava occlusion, aortic occlusion, and volume infusion in two control states, during three levels of dobutamine infusion, and after propranolol. We performed linear and nonlinear regression analyses of the end-systolic points and derived the slope (E.,) and volume at 14 kPa pressure. We found that reliable ESPVR could be obtained in almost all inferior vena cava and aortic occlusions (50 of 51 in each), but in only 18 of 27 volume infusions. Overall, linear regressions adequately defined the ESPVR (75 of 102 were not statistically different than nonlinear regressions; of those different, the mean linear R 2 was 0.934 ± 0.048). By multiple regression analysis, neither E es nor volume at 14 kPa significantly changed with dobutamine, but both changed after propranolol (23% less than control and 54% greater, respectively), supporting previous studies showing a limited contractile reserve in the newborn secondary to high resting p-adrenergic tone. Neither E., nor volume at 14 kPa was different between control states. However, E e , was 25% less steep when generated by inferior vena cava than by aortic occlusion. We conclude that the ESPVR can be generated reliably and reproducibly in the newborn lamb and is relatively linear and sensitive to changes in contractility, but that it is also sensitive to the technique of load intervention.
ABSTRACT. Indices of global systolic performance of the newborn left ventricle exceed those of the adult, despite isolated tissue studies showing immature contractile mechanisms. To evaluate contractility in situ, we investigated the end-systolic pressure-volume relationship (ESPVR) by the conductance technique in nine newborn lambs. After percutaneous placement of catheters, we generated ESPVR by inferior vena cava occlusion, aortic occlusion, and volume infusion in two control states, during three levels of dobutamine infusion, and after propranolol. We performed linear and nonlinear regression analyses of the end-systolic points and derived the slope (E.,) and volume at 14 kPa pressure. We found that reliable ESPVR could be obtained in almost all inferior vena cava and aortic occlusions (50 of 51 in each), but in only 18 of 27 volume infusions. Overall, linear regressions adequately defined the ESPVR (75 of 102 were not statistically different than nonlinear regressions; of those different, the mean linear R 2 was 0.934 ± 0.048). By multiple regression analysis, neither E es nor volume at 14 kPa significantly changed with dobutamine, but both changed after propranolol (23% less than control and 54% greater, respectively), supporting previous studies showing a limited contractile reserve in the newborn secondary to high resting p-adrenergic tone. Neither E., nor volume at 14 kPa was different between control states. However, E e , was 25% less steep when generated by inferior vena cava than by aortic occlusion. We conclude that the ESPVR can be generated reliably and reproducibly in the newborn lamb and is relatively linear and sensitive to changes in contractility, but that it is also sensitive to the technique of load intervention. (Pediatr Res 29: 473-482,1991) Abbreviations ESV, end-systolic volume EDV, end-diastolic volume ESPVR, end-systolic pressure-volume relationship PV, pressure-volume IVe, inferior vena cava E." elastance at end-systole (slope of the ESPVR) V14' volume at 14 kPa pressure from the ESPVR At birth, the newborn left ventricle must increase its output 3-fold above fetal values (1) (2) (3) to meet the increased oxygen demands of respiratory and thermoregulatory work (4, 5) . Studies performed on the newborn heart in situ have shown indices of systolic performance markedly elevated relative to those of the adult (6, 7) , whereas studies of isolated tissues have suggested that its contractile mechanisms are underdeveloped (8) (9) (10) . Most of the studies in situ have used single beat indices of performance during the preejection or ejection phase, however, which are significantly load or heart rate dependent. To correlate cardiac performance in situ with the structure and function of isolated tissue, it is preferable to use descriptors of systolic performance that are relatively load insensitive, and thus more closely reflect the intrinsic properties of the contractile mechanisms (11, 12) .
Evaluation of ventricular systolic performance in the PV plane has been extensively performed in the adult human and dog (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . In the adult, the ESPVR has been shown to be relatively sensitive to changes in inotropic state (15, 17, 19, 23) , but evidence of nonlinearity (24) (25) (26) (27) (28) and afterload sensitivity (13, 23, 29, 30) has been found. It is uncertain whether such problems would be more or less important in the newborn.
In the newborn, we have previously used an index of maximal elastance using a chronically implanted M-mode echo transducer and a pressure-tip catheter, and found that there was a very limited contractile reserve in the newborn lamb, secondary to a high resting iJ-adrenergic state (5) . This technique, however, requires chronic implantation, and estimates of volume are based on single minor axis dimension measurements. Other techniques, such as two-dimensional echocardiography and angiocardiography, either are sensitive to changes in ventricular shape or orientation, are relatively insensitive to the very small volume changes that would occur in the newborn heart during the generation of the ESPVR, or affect mechanical function. In addition, none offer online numerical data acquisition, and these methods are thus dependent on observer interpretation, which is particularly undesirable when dealing with the very small volumes (ESV are in the range of 3 to 6 mL in the newborn lamb) of the newborn heart.
In contrast, the conductance catheter affords an instantaneous and continuous analog signal that can be converted online to digital data and does not affect cardiac mechanics or require chronic implantation. In the adult, it has been extensively validated in situ in the dog and human (31) (32) (33) and in the isolated dog heart (34) , and has been used to construct the ESPVR in both species (13, 14, 26, 29, 35, 36) . In the newborn, we have recently validated the catheter in the piglet against biplane cineangiography (37) . In nine newborn pigs, we measured ventricular volume in a variety of conditions over which ESV and EDV varied greatly (during baseline conditions, isoproterenol infusion, and phenylephrine infusion, and after hemorrhage, volume infusion, and propranolol injection). We performed 110 separate runs, and measured EDV and ESV for each. From these 220 474 TEITEL ET AL. data points, we performed a multiple regression analysis as described in the Appendix: the dependent variable was the volume estimate by the conductance catheter and the independent variables were the cineangiographic volume and a set of dummy variables representing the individual pigs. We found an excellent correlation (R 2 of 0.934), a coefficient for the cineangiographic volume near identity (1.1 ± 0.08 ml,» mL-1 ) , indicating a similar change in conductance volume for a given change in cineangiographic volume, and an intercept of 17.9 mL, which represents the "parallel" conductance of structures contiguous to the left ventricular cavity (see below).
We undertook the present study to determine the reliability and reproducibility ofthe ESPYR in the newborn lamb generated by preload (IYC occlusion and volume loading) and afterload (aortic occlusion) alterations, and the sensitivity of the ESPYR to~-adrenergic stimulation (using dobutamine) and inhibition (using propranolol). In addition, we determined the nonlinearity of the ESPYR, its sensitivity to the type of loading intervention by which it is generated, and the stability of the preparation. Because the observed phenomena of nonlinearity and afterload dependence have been related to and explained on the basis of changes in inotropic state (13, 25, 28) , the present study in the newborn lamb with a high resting~-adrenergic state is especially meaningful.
MATERIALS AND METHODS
Nine Flevoland lambs were studied between 3 and 9 d of age, using a study protocol approved by the Animal Research Committee of the University of Leiden, the Netherlands. After premedication with ketamine hydrochloride (3 mg. kg-1 i.v.), general anesthesia was maintained using a continuous infusion of ketamine hydrochloride (8-30 mg-kgv-h"). The lamb was intubated and ventilated with oxygen and air using a pressureregulated ventilator adjusted to maintain arterial P02 and Pco, in the normal range throughout the study. Upon ventilation, pancuronium hydrochloride was administered i.v. (0.2 mg. kg-I) for muscle relaxation. An i.v. infusion of 10% dextrose in 0.5 N NaCI solution was continued throughout the study at about 100 ml.vkgvh", occasionally supplemented with NaHC0 3 to maintain a normal base deficit (::55 mmol-L'"), Via percutaneous approaches, 6-7 F self-sealing sheaths were placed in both right and left femoral arteries and veins. Atrial septostomy catheters (5 F; American Edwards Laboratories, Irvine, CA) were advanced via a femoral artery and vein to the mid-thoracic aorta and the IYC-right atrial junction, respectively, under fluoroscopic guidance. A 5 F angiographic catheter (American Edwards Laboratories) was advanced via the other femoral vein to the main pulmonary artery, and a 6 F, eight-electrode conductance catheter (Webster Laboratories, Baldwin Park, CA) was advanced via the other femoral artery to the apex of the left ventricle. Ideally, the first (most distal) electrode should be in the apex of the left ventricle, and the proximal electrode alone should be above the aortic valve (Fig. I) . Under fluoroscopic guidance, when the distal tip of the catheter was advanced to the apex of the ventricle, the proximal electrode (electrode 8 in Fig.  I ) was above the aortic valve. However, occasionally the total interelectrode distance was too great, so that electrode 7 was also above the valve. This could easily be ascertained by observing paradoxical motion of the volume signal of that segment during systole and diastole. In these instances, this 5th segment was removed from the summation of the segmental volumes during the calculation of total volume. Via a small incision on the left side of the neck, a 5 F sheath was inserted into a carotid artery and a 5 F pressure-tip catheter (Millar Instruments, Houston, TX) was advanced to just below the aortic valve and positioned to obtain a good signal. Repositioning ofthe pressure-tip catheter, under fluoroscopic guidance, was occasionally necessary during the study to avoid endocardial contact and pressure distortion.
Study protocol. Studies were performed under parasympathetic blockade (atropine, 0.1 mg-kg-1 i.v. PRN)to avoid reflex changes in heart rate induced by IYC or aortic occlusion. Instantaneous left ventricular pressure and volume were measured simultaneously using the pressure-tip and conductance catheters respectively and pressure-volume loops were constructed for each beat. During data acquisition, pressure and volume were changed by three loading techniques (IYC occlusion, aortic occlusion, and volume infusion), each performed under six conditions (two control periods, three levels of dobutamine infusion, and after propranolol administration). From these loops, ESPYR were generated for each run as described below. Each run was performed at end-expiration (the tracheal tube was not cuffed, and the ventilator was discontinued before data acquisition) after stabilization ofpressure and volume. These briefperiods ofapnea were not associated with any changes in beat-to-beat heart rate, suggesting that stimulation of the chemoreceptor by either an increase in Peo2 or a decrease in P02is unlikely to have occurred.
In all nine lambs, ESPYR were obtained by IYC and aortic occlusion in each condition, the order of occlusion being randomized. The occlusions were performed by inflating the appropriate atrial septostomy balloon with 1.5 mL of NaCl solution over about lOs. In the first five lambs, ESPYR were also obtained during volume infusion after the IYC and aortic occlusions because of the possible late effects of volume infusion on contractility (38) [volume infusion was abandoned after analysis of the data of these first five lambs because of the unreliability of the obtained ESPYR (see Results) ]. For the volume infusion runs, whole blood was infused through the pulmonary artery catheter. Up to 20 ml.vkg:" of blood was given over about 20 s, and was discontinued early if stroke volume was seen to decrease appreciably. This happened in at least one half of the runs within the first 10 ml.> kg-1 of the infusion. The first infusion in each lamb was with adult sheep blood. Immediately after the completion of each infusion, the same volume of blood was removed, which was then used as the infusate for the next infusion.
The first condition studied was the first control period (no drug administration), performed at least 30 min after completion of the surgical preparation and at least 15 min after hemodynamic stability (judged by a stable position of the PV loops). Thereafter, three levels of dobutamine were infused in a peripheral venous port of a sheath in a random order, at 4-5 J.Lg. kg": min-I (low level), at 8-10 J.Lg. kg-1·min-' (mid level), and at 16-20 J.Lg. kg-I .min-I (high level). Stability of heart rate, arterial pressure, and stroke volume for at least 10 min was ensured before the acquisition of the ESPVR at each level of dobutamine infusion. Thirty min after the last dobutamine infusion was terminated, a second control period was studied. Thereafter, propranolol, 0.5 mg-kg", was injected i.v., and ESPVR were again obtained after at least 15 min of hemodynamic stability. This order of study was chosen because we wished to separate the two control periods as much as possible, inasmuch as they were used to assess the stability of the preparation over time, and because it was necessary to administer the propranolol last, due to its prolonged effects. All six conditions were studied in all nine lambs, except in the first lamb, in which only the first control, the mid level dobutamine infusion, and propranolol were studied. Thus, there were 51 ESPVR runs obtained during IVC occlusion, 51 during aortic occlusion, and 27 during volume infusion. In addition, we repeated the IVC and aortic runs in each condition in the last five lambs to determine the reproducibility of the ESPVR in the same condition obtained by the same loading technique. These second sets of occlusions were only used in the analysis of reproducibility.
Data acquisition and analysis. The fluid-filled sideport of an arterial cannula was connected to a pressure transducer and displayed on a paper recorder and screen for continuous monitoring. The pressure-tip catheter was connected via a conditioning amplifier to the recorder for pressure monitoring, and also displayed with the total volume signal from the conductance catheter on an X-Y oscilloscope for continuous monitoring of PV loops. Typical recorder tracings and PV loops are presented in Figures 2 and 3. The conductance catheter was connected to the Sigma-S signal-conditioner-processor (Leycom, Oegstgeest, The Netherlands), which supplied the current, computed timevarying, segmental conductances, and generated analog output to the recorder and oscilloscope. An ECG was also generated from the conductance signals by the Sigma-S from two of the electrodes on the catheter. During each run of data acquisition, aortic and left ventricular pressure, ECG, and the five segmental conductance signals composing left ventricular volume were digitized with 12-bit accuracy on am IBM AT-compatible microcomputer, at a sampling rate of 200 Hz, and saved on a hard disk for subsequent data analysis.
To convert measurements of segmental conductance, G(i), to absolute segmental volumes V(i), the following formula is used:
where V(i) is the segmental volume, 0: is a dimensionless slope constant, L is the interelectrode distance, O' b is the specific conductivity of blood, and V c is a correction term caused by the conductance of structures surrounding the ventricular cavity (32) . This "parallel" conductance (V c ) of structures contiguous to the left ventricular cavity was determined by injecting a very small amount (0.1-0.2 mL) of hypertonic NaCI solution into the pulmonary artery catheter during acquisition of the volume signal (32) . The O' b was measured in a 5-mL cuvette connected to a model Sigma-S signal-conditioner-processor at the beginning of each condition and after each volume infusion. The conductivity of the blood used for the volume infusions was adjusted to match that of the lamb's blood before each run by the addition of small amounts of sterile water or hypertonic NaCl solution, as necessary. The slope constant, 0:, is a correction factor for the difference between the estimate of a change in volume as calculated by the conductance catheter, as compared to a "true" change in volume as determined by another technique. For this study it was assumed to be 1, although the average slope in the adult heart is about 0.8 (32) . Calibration of and subsequent correction for IX of each lamb was not necessary in this experiment; only within-Iamb differences were considered in the statistical analyses because of the use of dummy variables representing animal-specific differences in the multiple regression analysis described in the Appendix. Thus, if any lamb had an IX different than 1, this difference would be reflected in the coefficient of that lamb's dummy variable and would not have any effect on the statistical significance of the variables of interest.
Data analysis was performed using CONDUCT-PC (Leycom) on a microcomputer. The entire PV relationship was considered in terms of a time-varying elastance, and end-systole was defined as the point in each cardiac cycle of maximal elastance, i.e. at the maximum of the ratioṼ
where V d is a correction term representing the unstressed, or "dead," volume of the ventricle. Because V, cannot be measured, it was determined for each run by an iterative approach. It was first assigned a value of 0; the initial end-systolic points for each loop were determined as maximal P(t)/V(t). A linear regression of end-systolic pressure versus ESV was performed, corrected for the randomness (mutual independence) of both P and V (39) . From the resultant equation, a new Vd was calculated, the endsystolic PV points were again determined, and the linear regression was again performed. This process was repeated until the difference between the last Ve and the V, immediately before it was smaller than a preset error value of 0.1 mL. At that point, the end-systolic PV points for each loop were saved in a file to be used in the subsequent analysis of the ESPVR for that run.
The ESPVR for each run was analyzed by performing simple linear and second order polynomial regression analyses on the ESPV points. From the linear ESPVR, two descriptors were calculated; the slope, or E e " and the V14. VI4 was used rather than Vd because the ESPVR has been demonstrated to be nonlinear to some extent in many preparations (24) (25) (26) (27) (28) . Thus, extrapolation beyond the range of measurement is undesirable. V I4 was specificallychosen because 14 kPa was the overall mean starting pressure of all the runs in all lambs, so that pressure was most likely to be contained within the range of measurements whether pressure increased (aortic occlusion and volume loading) or decreased (IVC occlusion) during the run.
Statistical analyses were performed using StatView II (Abacus Concepts, Inc., Berkeley, CA) on a Macintosh IIx computer (Apple Computers, Cupertino, CA). Data are presented as mean ± 1 SD unless otherwise specified. After regression analysis, an ESPVR was considered "reliable" if the correlation coefficient, R 2 , was greater or equal to 0.5 (so that at least one half of the total sum of squares is included within the regression sum of squares) and the p value for the t statistic of the slope (of the linear regression analysis) was less than or equal to 0.01. To test whether ESPVR could be generated reproducibly using the same loading technique in the same condition, paired t tests on both E e , and V I4 were performed, pairing the first aortic or IVC occlusion with the second occlusion performed on the same lamb in the same condition. Statistical techniques for determining the linearity of the ESPVR and its sensitivity to drug administration to loading technique and to the effects of time are complex and thus are presented in the Appendix.
Lastly, we determined whether parallel conductance changed relative to changes in ESV or EDV, as was found in the adult dog (40) . We measured parallel conductance at the beginning of each condition, so that the starting volumes of all runs would be accurately corrected. We thus made 51 measurements of parallel conductance over a wide range of absolute volumes (ESV ranging from 0.59 to 5.38 mL; EDV ranging from 3.23 to 10.25 mL). The range of volumes was large within each lamb as well, because 
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Tracing from a typical set of three runs of data acquisition in one condition in one lamb. Run I is a determination of parallel conductance by the saline technique, in which there is a large increase in conductance-derived ventricular volume because of a change in blood conductivity, without a change in pressures. Run 2 is an aortic occlusion: the ventilator is discontinued, and after stabilization of pressures and volume, the aortic balloon is inflated; distal aortic pressure falls as left ventricular peak systolic pressure increases, and both ESV and EDV increase without a change in stroke volume. Run 3 is an Iv'C occlusion: after the ventilator is discontinued, the IVe balloon is inflated; aortic and left ventricular peak systolic pressures fall similarly, and ESV falls to a greater extent than EDV, as stroke volume decreases. the starting volumes after propanolol administration (ESV of 4.0 ± 0.7 mL; EDV of 7.7 ± 1.3 mL) were much larger than those during control runs (ESV of 2.7 ± 1.0 mL; EDV of 6.7 ± 1.6 ml.), and the starting volumes during dobutamine infusion (ESV of 2.5 ± 1.2 mL; EDV of 6.6 ± 2.1 mL) were slightly smaller. We analyzed the relationship between parallel conductance and ventricular volumes in the same manner as Boltwood et al. (40); we performed separate multiple regression analyses of parallel conductance against ESV and EDV, and included the set of dummy animal variables, AI to As, in each regression equation to separate the effects of the interanimal differences.
RESULTS

Reliability and linearity 0/ESPVR by different loading tech-
niques. Table 1 summarizes the simple linear and second-order polynomial regressions of P versus V to generate ESPVR. By both IVC and aortic occlusion techniques, regression equations could be reliably fitted to the data in almost all cases (50 of 51 in both). The polynomial fit was significantly better than the linear fit in only nine of the 50 ESPVR generated by IVC occlusion, and in 18 of the 50 aortic occlusions. The overall mean correlation coefficients for the linear and polynomial regressions were very high and similar for the IVC and aortic occlusions (Table 1) , and, in the 27 runs where polynomial fits were statistically better, the correlation coefficients for the linear regressionswere still excellent and not significantly different from those of the polynomial regressions (0.93 ± 0.05 versus 0.96 ± 0.03, respectively).
Conversely, regression fits for ESPVR generated by volume infusion could only be reliably made in 18 of the 27 runs. The overall mean correlation coefficient for those 18 runs was also lower than the coefficients for the IVC and aortic runs (Table 1 ). In addition, in six of the 18 runs, the polynomial fit was statistically better than the linear fit and the mean correlation coefficient of the polynomial fit of those six runs was also significantly higher (0.96 ± 0.03 versus 0.89 ± 0.7).
To further analyze why it was more difficult to obtain reliable ESPVR during volume infusion, we constructed cardiac function curves for the volume infusion runs. We speculated that rapid volume infusion in the newborn lamb, which has an extremely limited preload reserve (41, 42) , may lead to overdistension of the left ventricle. If this were the case, the function curves would demonstrate a "descending limb," implying that contractility was acutely decreasing during the infusion. Data from a typical lamb is presented in Figure 4 . The low-level and mid-level dobutamine infusions show normal cardiac function curves, shifted to the left of the control and propranolol curves. However, the high-level dobutamine infusion begins along the same curve as the lowand mid-level infusions, but quickly falls as stroke volume decreases with increasing EDV. The propranolol curve is, as expected, shifted well to the right, but also shows a prominent descending limb, and the control curve is very difficult to interpret. In total, six of the 18 "reliable" volume infusion runs show clear evidence of descending limbs, suggesting acute decreases in contractile state during the infusion. Because of these findings, we abandoned volume infusions in the last four lambs, and none of the subsequent statistical analyses uses the volume infusion data.
Reproducibility of ESPVR.
We compared the indices of the linear regressions, E e , and V 14 , obtained during a first and second run of the same loading technique in the same condition. Fiftysix sets of duplicate runs (27 pairs ofIVC occlusions and 29 pairs of aortic occlusions) were performed. There was no significant difference between the first and second runs for both E e , (4.71 ± 2.44 versus 4.68 ± 2.49 kPa/mL, p > 0.74) and V 14 (2.89 ± 1.28 versus 2.84 ± 1.24 mL, p > 0.50).
Sensitivity ofESPVR to drug infusion, loading technique, time lapse, and lambs. We performed multiple linear regression analyses for both E es and V 14 using dummy variables by effects coding, as described in the Appendix. The coefficients for the resultant regression equations are presented in Tables 2 and 3. The overall mean E e , predicted by the regression analysis was 4.48 kPa/mL. None of the coefficients representing the three levels of dobutamine infusion were statistically significant, indicating that the predicted E e , at any level of dobutamine infusion was not different from the overall mean E e " nor was it different from the predicted control E e , . Conversely, propranolol is predicted to decrease E es to 3.54 kPa/mL (p -s 0.01), which is a decrease of 21 % versus the overall mean, or 23 % versus the predicted control value. The time lapse coefficient was not significant, indicating that the preparation was stable with respect to E e , between the two control conditions. The technique of generating the ESPVR was highly significant, with IVC occlusions being less steep and aortic occlusion steeper than the overall mean by 0.63 kPa/mL. Thus, E e , for IVC occlusions are predicted to be 25% less steep than aortic occlusions. There was a large amount of variability in E e , between lambs, as demonstrated by the large F value for the set of lamb coefficients and a SD among the eight coefficients of 1.14 kPa/mL. The ability of the regression equation to accurately predict E e , in each condition and by each loading technique of occlusion is presented in Table 4 . It is apparent that the equation very closely predicts the measured values in each instance, which strongly suggests that no significant variable affecting E e , has been omitted from the regression analysis.
The predicted mean V 14 was 2.78 mL. The effects of dobutamine and propranolol on V 14 are similar to those seen on E e , : the coefficients representing the low and high levels of dobutamine infusion were not statistically significant, although the coefficient for the mid-level infusion was just significant at p -s 0.05, and corresponded to a decrease (corresponding to a leftward shift of the ESPVR) of 0.41 mL from the overall mean value. 
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End Diastolic Volume (ml) Fig. 4 . Cardiac function curves in one lamb, generated during volume infusion in five conditions (the first control run was unsuccessful). Note that the propranolol curve is shifted down and to the right, consistent with a decreasein contractility, but that there is also a prominent descending limb suggesting that a further acute decrease in contractility occurred during the infusion. Also, although the high-level infusion of dobutamine beginsalong the same curve as the low and mid-level infusions,it showsa prominent descendinglimb as well. * The coefficients b are in kPa· mL-1. b o , the intercept, or overall mean E,s-Variables: drug intervention variables are Dob/Io, assigned a value of +I for low level infusion of dobutamine; Dab/mid, +I for mid-level infusion of dobutamine; Dab/hi, +I for high level infusion of dobutamine; and Prop, + I for propranolol injection (all are assigned -I for control runs); time lapse variable is CI/C2, assigned +I for first control and -I for second; technique of occlusion variable is IVC/Ao, assigned + I for IVC occlusion and -I for aortic occlusion; lamb variables LI through L8 represent the nine lambs. The regression equation was statistically significant (p < 0.0001). The SD of the between-Iamb coefficients was 1.14 kf'amL-1. The p value is that of the corresponding F test for that coefficient or group of coefficients.
t Coefficient or group of coefficients has a significant effect on E,•. Table 2 for definition of variables. The regression equation was statistically significant (p < 0.000 I). The SD of the between-Iamb coefficients was 1.14 kPa·mL-1. The p value is that of the corresponding Ftest for that coefficient or group of coefficients. t Coefficient or group of coefficients has a significant effect on V14.
Table 4. Values ofE es (kl'a-mL-I) and V l 4 (mL): comparisons between predicted and measured mean values overall,for each condition, andfor each technique
This is equivalent to a 15% leftward shift versus the overall mean, but just a 7% shift from the predicted control value. The effect of propranolol was much greater, with a predicted increase (rightward shift) in V 14 of 1.05 mL, which is 38% greater than the overall mean and 54% greater than the predicted control value. There was no difference in V14 between the two control periods, nor between the two loading techniques of generating the ESPVR. The latter finding is an artifact of the index itself, however: V I 4 was chosen because 14 kPa was the mean starting pressure over all the runs; thus, most of the lVe and aortic runs in a given condition begin at similar volumes near a pressure of 14 kPa. The ESPVR for the paired occlusions should thus "scissor" at about 14 kPa, as demonstrated in Figure 5 . The interanimal variability was large, with a SD among the coefficients of 1.14 mL. Lastly, as with Ee" the predicted values for V14 were very similar to the measured values ( Table 4 ), indicating that no significant independent variable was omitted from the regression analysis.
Parallel conductance versus ESV and EDV.
We performed multiple linear regression analyses for parallel conductance against ESV and EDV, using dummy lamb variables. The regression equations are presented in Tables 5 and 6 . The coefficients for ESV and EDV were very small, and neither approached statistical significance, indicating that there is no relationship between parallel conductance and either ventricular volume in our preparation. Evaluation of left ventricular systolic performance in the PV plane during load alterations has given investigators a more specific tool to assess contractility in the in situ heart, because there appears to be less load dependency of such PV relationships than there is using single-beat preejection or ejection phase indices of performance (14, 18, 19) . The conductance catheter has been used in the adult dog and human simultaneously with micromanometer pressure measurements for the repeated and instantaneous display and acquisition of PV loops without affecting ventricular function (13, 26, 29, 36, 43) . PV loops have been analyzed by a variety of techniques (13, 14, 35, (44) (45) (46) , but most commonly by generating ESPVR, to assess ventricular function in control conditions and in response to various hemodynamic perturbations. There have, however, been several concerns about the ESPVR, including those of nonlinearity both outside and within the range of measurement (24) (25) (26) (27) (28) , load dependency, particularly related to the technique of generating the relationship itself (13, IS, 23, 29) , and relative insensitivity to changes in contractility (43) . We have recently performed studies validating the accuracy of the conductance catheter in the in situ newborn heart (37) , and undertook the present study to critically analyze the ESPVR in the newborn. We found that we could reliably and reproducibly acquire ESPVR by both lVe and aortic occlusion but not by volume infusion, that nonlinearity is present but to a lesser extent than has recently been demonstrated in the adult heart (28) , that the loading technique does affect the relationship, and that the preparation is stable throughout the 2 h of data acquisition.
Nonlinearity of the ESPVR would make any index derived from a linear regression analysis dependent upon the range over which the measurements were made. Thus, comparisons between subjects, or between states within a subject, become problematic. We do not attempt to make comparisons of absolute data between subjects (as discussed in the Appendix), but comparison of absolute data between states within a subject is a prerequisite to statistical analysis of the data. This nonlinearity may not be a major problem in the clinical evaluation of the patient in whom a global perspective of the PV loops is all that is required for therapeutic decisions (35) , but it is a critical problem for experimental studies. It has become clear that the assumption of t The group of coefficients has a significant effect on parallel conductance. t The group of coefficients has a significant effect on parallel conductance.
480
linearity beyond the range of measurement is invalid, so that indices such as V o obtained by linear extrapolation of the data should not be used. In the current study, we used V14 rather than V o so that extrapolation was minimized. However, significant nonlinearity of the ESPVR within the range of its generation has also been found in the adult heart recently (28), which would limit the usefulness of V14 and Ee, . The theoretical basis for the linearity of the ESPVR is tenuous at best. One needs to assume that the isovolumic ESPVR is linear over the range in load of the ejecting ESPVR and that the ejecting beats always attain the same pressure as isovolumic beats of the same ESV [alternatively, there can be a fixed pressure deficit (47) or a balance between the opposing effects that tend to cause a pressure deficit and those that cause a pressure excess (48, 49)]. Pressure deficits during ejection probably do occur to some extent, caused by shortening deactivation and the internal resistance of series elastic elements. Recent studies in the adult dog have shown nonlinearity in a variety of settings, including high contractile states (25, 26) , over a wide range of preload (27, 28) and during balloon aortic occlusion (24) . The nonlinearity was considered significant only in those studies performed over a high range in preload (27, 28) , in which stroke volume changes greatly and thus quite variable pressure deficits can occur during the generation of the ESPVR. In contrast, we did not find significant nonlinearity, particularly when the ESPVR was generated by IVe occlusion. Moreover, when we found statistically significant nonlinearity, the linear regressions still fit the endsystole points to an excellent degree, with a mean correlation coefficient of 0.93. Thus, we did not correct our indices of the ESPVR, Eo, and V 14 , for nonlinearity in the multiple regression analysis. It is probable that nonlinearity was not a major finding in our study because the range of stroke volumes over which the ESPVR were generated was very small. Because the newborn lamb heart is very small (absolute diastolic volumes averaging about 6 mL, and stroke volumes about 4 mL) and beats quickly (averaging about 200-240 min-I), we were able to obtain many (on the average, about 40) PV loops within 10 s of data acquisition over a narrow range of volumes. Within these narrow confines of time and load, it is not surprising that substantial nonlinearity was not apparent.
Although we did not find substantial nonlinearity in our newborn preparation, we did find that the technique of generating the ESPVR significantly affected it. We could not produce reliable ESPVR with volume infusion, unlike in the adult dog (13) . This was almost certainly related to the fact that, unlike the adult, the newborn has a very limited preload reserve (41, 42) . In addition to a limited preload reserve, the newborn left ventricle is sensitive to modest increases in afterload that occur during volume infusion (50). Thus, increasing EDV by volume infusion may not be associated with an increase in stroke volume and may cause a decrease in contractile state. This would render the obtained ESPVR, which depends upon a constant contractile state, uninterpretable. The presence of a changing contractile state was evident from the prominent descending limbs from several cardiac function curves constructed during volume loading. Thus, volume loading is an inappropriate technique to construct ESPVR in the newborn.
IVe and aortic occlusion both generated reliable and reproducible ESPVR, but those generated by aortic occlusion were significantly steeper. We were unable to determine whether the position of the ESPVR was different between IVe and aortic occlusions because our positional index of the ESPVR, V14, was the starting pressure and volume of both occlusions. However, in the adult dog, ESPVR generated during aortic occlusion were steeper and also shifted to the left as compared with those generated during volume loading (13) . For the same reasons that nonlinearity may exist, the ESPVR slope may be steeper during aortic occlusion. During both aortic occlusion and IVe occlusion, stroke volume decreases. This would lessen shortening deactivation, causing the ejecting beat to more closely approach the isovolumic PV line. This would cause the ESPVR generated as pressure was increasing (aortic occlusion) to be steeper than that generated as pressure was decreasing (IVe occlusion). However, internal resistance may be quite different at the different levels of arterial impedance caused by aortic and Ive occlusion because of substantially different pressures and velocities of ejection; this might have an opposite effect on the relative slopes ofthe ESPVR during aortic and IVe occlusion. Also, it is possible that contractility is directly affected by changes in arterial impedance. Baan and van der Velde (29) found that the slope of the maximum change in pressure per unit time-left ventricular EDV relationship was also steeper during aortic occlusion as compared to volume infusion. This preejection phase index derived from the PV plane cannot be affected by either shortening deactivation or internal resistance. The authors speculated that there was a direct increase in contractility secondary to an increase in arterial impedance, possibly related to changes in calcium turnover. We found a much smaller difference in the slope of the ESPVR generated by aortic versus Ive occlusion than they found when the ESPVR was generated by aortic occlusion versus volume loading. This may be explained by the fact that the resting contractile state of the newborn is much higher than that of the adult (5), so that the reserve to increase contractility further is limited.
Lastly, it is possible that at least some of the differences in E es generated by aortic and IVe occlusion may have been underestimated because of problems associated with the technique itself.
Boltwood et at. (40) have found that parallel conductance volume increases with increases in ventricular volume. We measured parallel conductance at the beginning of each condition so that both the aortic and IVe occlusion had parallel conductance estimates performed at their starting volumes. However, ventricular volumes increase during the aortic occlusion but decrease during Ive occlusion. If parallel conductance were increasing simultaneous to increases in intraventricular volumes during aortic occlusion, E es would be overestimated during aortic occlusion; conversely, Ees would be underestimated during Ive occlusion, which together would obscure the scissoring. However, contrary to the study of Boltwood et at. (40) , we did not find a significant effect of either ESV or EDV on aVe. Although we do believe that it is important to measure parallel conductance at the beginning of any new condition because changes may indeed occur related to changes in left atrial or right ventricular volume or lung mechanics, it does not appear that we had a systematic error in the measurement of the absolute ventricular volumes related to acute changes in left ventricular volume in the absence of simultaneous corrections for parallel conductance.
The sensitivity ofESPVR to changes in contractility are critical to its use in the evaluation of ventricular performance, although its strength as an index of contractility is probably more related to its relative load insensitivity than to sensitivity to changes in contractility (14) . In our newborn lamb preparation, we do not have a standard against which to compare the sensitivity of ESPVR relative to changes in contractility. However, it has been shown that the newborn lamb heart is functioning at a much greater level of performance than the adult sheep heart (6), and that it has a limited reserve to increase performance in response to volume loading (41, 42) , or to digoxin administration (51). In addition, Baylen et at. (52) have shown that the newborn heart is functioning under a significant amount of adrenal catecholamine stimulation, and we have previously shown that it has a limited contractile reserve related to a high resting ,B-adrenergic state (5) . Thus, we would expect little effect of dobutamine infusion on ESPVR, but a large effect of propranolol. This is indeed what we found. Although each level of dobutamine was associated with a slight increase in E es as compared to the overall mean value, none of the effects approached statistical significance. Conversely, propranolol decreased E es significantly. We found similar effects of dobutamine and propranolol on V14. Each level of dobutamine slightly shifted the ESPVR to the left, although it was only significant (with a p value of 0.0495) with the mid level of dobutamine, and only corresponded with a shift of7% versus the predicted control value. Conversely, propranolol caused a large increase in V14, or rightward shift in the ESPVR, to a value that was 54% greater than the predicted control value. Thus, although we cannot compare the sensitivity of ESPVR with changes in contractility relative to other indices, it does change as expected, showing a limited response to l3-adrenergic stimulation, but a large response to l3-adrenergic inhibition.
It is important to note that, although our preparation is stable with respect to ESPVR over time, there is a large amount of interanimal variability. This variability probably stems from many causes, including differences in a, geometrical and size differences among hearts, different baseline cardiorespiratory status, etc. Whatever the mechanisms for this variability, it can be taken into account by using dummy variables in multiple regression analyses or separately evaluating interanimal differences in analysis of variance models. It is clear that the ESPVR cannot be used to obtain indices such as E e , and V I4 to yield absolute values of contractility that are comparable between animals.
In summary, we have found that the ESPVR can be reliably and reproducibly obtained in the newborn lamb using instantaneous conductance measurements of volume and micromanometric measurements of pressure by transiently occluding either the IVe or aorta, but not by volume infusion. Nonlinearity of the ESPVR is present, but not large in the range of measurement, particularly during Ive occlusion. However, extrapolation of the ESPVR well beyond the range of measurement, as is done in the calculation of V., is ofquestionable validity. The ESPVR changes only minimally in response to l3-adrenergic stimulation, but changes to a great extent in response to l3-adrenergic inhibition, confirming previous studies. It appears that the conductance technique for instantaneous evaluation of cardiac function in the PV plane is feasible in the newborn, and may yield new information on the normal development of the heart in situ and its response to various pathophysiologic stresses.
nation of left ventricular end-systolic pressure-volume relationships by the conductance (volume) catheter technique. 
APPENDIX
To test for nonlinearity of the ESPVR, we considered the polynomial fit to be statistically better if both the t statistic for the second-order term of the polynomial regression and the F statistic comparing the two fits were significant at a p value :50.0I. The F statistic was calculated as; F = (regression SSpoly -regression SSlinear) residual MSpolY where SS is the sum of squares, MS is the mean square, the number of degrees of freedom in the numerator equals I, and the number degrees of freedom in the denominator is equal to the residual degrees of freedom of the polynomial (poly) regression.
To test the sensitivity of the ESPVR to drug administration, to loading technique (comparing IVe to aortic occlusion; volume infusion was not included in this analysis because it was abandoned after the first five lambs), and to stability over time (comparing the first control run to the second control run), multiple linear regression analyses were performed with dummy variables using effects coding (53, 54). The regression model was one loading technique variable, L (Iv'C occlusion was assigned a value of I and aortic occlusion, -I); one time lapse variable, T (the Ist control period was assigned I, the 2nd control -I, and all other runs 0); and eight animal variables, AI to Ag [the 1st lamb was assigned a set of (1,0,0,0,0,0,0,0), the second (0, I,0,0,0,0,0,0), etc. and the 9th lamb was assigned a set of (-1,-1,-1,-1,-1,-1,-1,-1,-1 For a set of variables, the mean square was calculated by summing the type III sum of squares and dividing by the number of variables. As an estimate of between-Iamb variability, the SD of the eight lamb coefficients (b al to bas), was calculated. Using this technique of multiple regression analysis with dummy variables, it is important to realize that differences between lambs in absolute volumes may exist because of differences in the slope constant a and geometric differencesthat affect the reliability of the formula that converts segmental conductances to volumes, and that these differences are considered in the dummy variables that represent interanimal variability. Thus, absolute values of the descriptors of the ESPVR, V'4 and E e" cannot be compared between lambs; only the effects of various interventions on the ESPVR can be meaningfully analyzed. Whatever the technique of data analysis, it is important to realize that all techniques that estimate ventricular volume according to some formula (e.g. echocardiography, sonomicrometry, and cineangiography) will be affected by differencesbetween animals, and thus comparisons of absolute values of any variable or index of ventricular function should not be undertaken.
